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Abstract

One- and two-dimensional solid-state NMR experiments on a uniformly labeled intrinsic membrane-protein com-
plex at ultra-high magnetic fields are presented. Two-dimensional backbone and side-chain correlations for a
[U-13C 15N] labeled version of the LH2 light-harvesting complex indicate significant resolution at low temperatures
and under Magic Angle Spinning. Tentative assignments of some of the observed correlations are presented and
attributed to thex-helical segments of the protein, mostly found in the membrane interior.

Introduction successful to achieve sensitivity and resolution com-
pulsory for biological SSNMR studies. MAS-based
Structure elucidation of immobilized globular and methods have successfully been employed to deter-
membrane-proteins using solid-state nuclear mag- mine internuclear distances (see e.g. Creuzet et al.,
netic resonance (SSNMR) techniques (Mehring, 1983; 1991, Griffiths et al., 1994; Klug et al., 1997; Ben-
Ernst et al., 1987) has made considerable progressziger et al., 1998; Verdegem et al., 1999) or torsion
(for recent reviews see e.g.: Cross and Opella, 1994;angles (Feng et al., 1997, 2000; Bower et al., 1999)
McDowell and Schaefer, 1996; Smith et al., 1996; well beyond the resolution obtainable in X-ray crys-
Griffin, 1998; Marassi and Opella, 1998). Valuable tallography. Most of these studies involved single or
structural information has been obtained on membrane doubly labeled compounds customized for the bio-
proteins such as rhodopsin (Feng et al., 1997, 2000), physical problem under study and in close reference
bacteriorhodopsin (Thompson et al., 1992), nicotinic to low-resolution structural models. As for exam-
acetylcholine and NMDA receptors (Opella et al., ple demonstrated in uniformly labelddC networks
1999), and resulted in the determination of a com- (Boender et al.,, 1995; Egorova-Zachernyuk et al.,
plete structure in the case of gramicidin A (Ketchum 1997), MAS studies involving multiply labeled bio-
et al., 1993, 1997). So far, stable isotope labeling in molecules may permit structural investigations with
conjunction with Magic Angle Spinning (MAS; An-  greater flexibility and may profit from residue-specific
drew et al., 1958) or preferential sample orientation chemical shift information obtained in the liquid state
techniques (Cross and Opella, 1994; Sanders et al.,(Wishart et al., 1991).
1994; Marassi and Opella, 1998) have been most A prerequisite for structure determination of par-
o E— _ tially (Hong and Jakes, 1999; Hong, 1999) or uni-
*mT;)bavé)hnggbpior::S;p(?:derﬁB?bOUIdssl;?nr g’ccr’]r:;sgi‘aen&;m'l': formly labeled peptides and proteins (Straus et al.,
HIMAG) o ' "7 1998; Nomura et al., 1999; McDermott et al., 2000;

**Present address: Max-Planck-Institute for Biophysical Chemistry, Pauli et al., 2001) are hetero- and homonuclear as-
Am Fassberg 11, D-37077 Gottingen, Germany.
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signment techniques. For both aspects, a variety of integral membrane-protein complex investigated by
pulse schemes have been proposed (for recent reviewdNMR so far and we here report on results obtained on
see e.g. Bennet et al., 1994; Baldus et al., 1998a) a novel wide-bore 750 MHz NMR instrument offer-
and have for example recently been employed for ing increased resolution and sensitivity compared to
a complete assignment of a uniformly labeled SH3 standard-size systems.
domain containing 62 residues (Pauli et al., 2001).
Partial assignments were also reported for ubiquitin
(Straus et al., 1998; Hong, 1999) and BPTI (Mc- Material and methods
Dermott et al., 2000). These systems are suitable
candidates to establish MAS-based protocols that de- Uniformly [13C,'®N] enriched variants of the LH2
termine conformations of peptide ligands bound to light-harvesting complex were obtained by grow-
their membrane-protein receptor target (Pellegrini and ing purple photosynthetic bacteriBRps. acidopila
Mierke, 1999; Watts, 1999) or structural constraints in 10050 anaerobically in light at 30C on a well-
globular proteins (Siegal et al., 1999). The number of defined medium containing 2 g/l [EEC15N] algae
residues in these peptides also compares favorably tohydrolysate (EMBL, Heidelberg), 1 g/l [B3C,15N]
membrane-spanning or surface-bound peptides stud-labeled (NH)2-Succinate, 2.7 g/l KbPOy and 3.4 g/l
ied recently in oriented lipid bilayers (see e.g. Marassi KoHPOy. 20 ml/l of a trace element solution was
etal., 1999; Opella et al., 1999). It can thus be inferred added to the medium. 0.1 ml/I of a biothine—thiamine
that MAS-based correlation technigues could also be solution (containing 0.5 g of thiamine chloride and
used to study entire membrane-protein topologies or 8.3 g biothine per 20 ml of vitamin solution, 5%
subsections thereof. ethanol/water) was included in the medium. 1N HCI
In this contribution we are making a next step to- was used to adjust the pH of the medium to 5.6. Cul-
wards membrane-protein structure elucidation under tures were grown illuminated with an incandescent
MAS and show that heteronucled?C,'®N) corre- light intensity of 1.5 klux. After 17 days of grow-
lations of significant resolution can be obtained in ing, the cells were harvested by centrifugation. After
a completeljabeled membrane-protein environment. resuspension in 20 mM Tris-HCI, the solution was de-
So far, only a small number of membrane-proteins frosted and resuspended in 20 mM Tris-HCl at pH 8.0.
have been characterized by electron microscopy or X- The LH2 complex was subsequently prepared as de-
ray crystallography such as integral membrane light- scribed by Hawthorn and Cogdell (1991). The cells
harvesting complexes from photosynthetic bacteria. were mechanically disrupted using a French Press at a
These systems represent ideal candidates to exam{pressure of 15000 psi. Unbroken cells and large mem-
ine and improve NMR techniques for applications brane fragments were removed by centrifugation for
in multi-labeled membrane-proteins. We have thus 20 min at 10000 rpm and°€. The supernatant with
chosen a uniformly@C,1°N) labeled version of the  chromatophores was pooled and chromatophores were
LH2 light-harvesting complex from the purple non- isolated by centrifugation for 2 h with 55000 rpm at
sulphur photosynthetic bacteritRhodopseudomonas 4 °C. The pellets were resuspended in 20 mM Tris
acidophilal0050 strain (Zuber and Brunisholz, 1993; buffer. The membranes were diluted in 20 mM Tris-
McDermott et al., 1995). The crystal structure con- HCI (pH 8.0) to an Asg of 75 before further treatment
tains three asymmetric units, each including three with 2% (v/v) LDAO during 4 h at 4°C. Insolu-
protomer complexes. These complexes consist of ble material was removed by centrifugation prior to
an a- (53 amino acid residues) argt (41 amino application of the supernatant to a sucrose gradient.
acid residues) apoprotein, three bacteriochlorophyll Using a 36 ml polycarbonate centrifuge tube, 6 ml
a molecules, one rhodopsin-glucoside carotenoid and of solubilized membranes was layered on top of the
a B-octylglucoside detergent molecule. Both proteins sucrose and centrifuged at 55000 rpm for 16 h &€ 4
have been sequenced (Zuber and Brunisholz, 1993)The LH2 fraction was further purified by gel filtra-
(Figure 1). The transmembrane helices of nine tion chromatography, concentrated (70 kDa-filter) to
apoproteins are packed side by side to form a hollow approximately 3 ml and checked by SDS-PAGE with
cylinder of 18 A radius. The nine helicgdapoproteins a 12.5% bisacrylamide running gel. Finally, the [U-
are arranged radially with theapoproteinto forman  13C,1°N] LH2 complex was characterized by optical
outer cylinder of 34 A. To our knowledge, the present absorption spectroscopy.
system (about 150 kDa) represents one of the largest
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Figure 1. Amino acid sequence for theandp protein subunits oRhodopseudomonas acidophll@050 B800-B850. Membrane-spanning

residues are indicated in bold. Residue types tentatively identified in this work are underlined. Assigned residues are indicated using an

additional line above the letter.

NMR experiments were performed using a MSL

400 and a DSX 750 wide-bore spectrometer (Bruker,

overall stability of the sample at the indicated tempera-
tures and a slight improvement in resolution for higher

Germany). Triple resonance experiments at ultra-high temperatures, predominantly observed for the side-

fields were conducted using a 4 mriH(13C,15N)
triple-channel MAS probe. Solutions of uniformly la-

chain resonances. These observations are supported by
additional 2D experiments that revealed an improved

beled LH2 samples were concentrated to a volume resolution for T= —10°C. For these reasons, all 2D

of 30 nl amounting to 10 mg of protein in a 4 mm
CRAMPS rotor. MAS spinning rates between 8 and
12 kHz were used in the temperature range-@ab°C

to —50 °C. Stable sample cooling was achieved us-
ing a pressurized N heat exchanger/dewar system
permitting N> refill intervals of longer than 20 h.

Experiments and discussion

1D CPMAS experiments
One-dimensional'l€C)-CPMAS (Pines et al., 1973)
spectra of [U3C,15N] labeled LH2 at 750 MHz
are shown in Figure 2A. For comparison, results at
400 MHz are included in Figure 2B. Both spectra
were recorded at-30 °C using a MAS frequency of

8 kHz and TPPM decoupling (Bennett et al., 1995)
during acquisition. Note that the spectrum at ultra-high
field was recorded with a significantly smaller num-
ber of scans, in agreement with the larger sensitivity
of the 750 MHz system. As expected, contributions

spectra presented in the following were recorded at
—10°C.

2D (NC) correlation experiments

Methods only involving proton and/or carbon reso-
nances during evolution or detection periods are not
likely to provide sufficient resolution with MAS and

at low temperature to resolve entire backbone or side-
chain networks. To test the degree of resolution and
sensitivity obtainable in the system described above
we focus in the following on 2DC,1°N) correla-
tion experiments. Comparable to the liquid state (Kay
et al., 1990; Montelione and Wagner, 1990; Cavanagh
et al., 1996), spectral assignment requires in general
hetero- and homonuclear transfer steps that direct po-
larization from one spin to the next in the polypeptide
chain in high efficiency. For applications in uniformly
labeled globular or membrane-proteins under MAS,
the polarization technique employed should fulfill the
following criteria: the r.f. scheme should maximize the
transfer efficiency and allow for an unambiguous in-

from spinning sidebands are here more pronounced.terpretation of correlations in terms of spatial distance

On the other hand, the overall resolution increases,

in particular visible in the side-chain region of the
spectrum. Next we investigate the influence of sam-
ple temperature upon resolution and stability of the

without truncation effects or unwanted relay transfer
caused by additional hetero- or homonuclear dipolar
couplings. In order to avoid signal loss or recoupling
during selective pulses, polarization transfer that is

sample (Figure 3). For each spectrum, NMR hardware inherently chemical shift selective is to be preferred.

settings were carefully optimized. Figure 3 reveals an

For ultra-high magnetic field, techniques that can be
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Figure 2. (13C)-CPMAS (Pines et al., 1973) spectra of 260 1é0 160 50 6
[U-13C15N] LH2 recorded with a MAS frequency of 8 kHz [1"3?]

at —30 °C at (A) 750 MHz (16 scans) and (B) 400 MHz (256
scans). In all cases, signal intensities were optimized using Figure 3. (13C)-CPMAS spectra of [U-C 1°N] LH2 recorded at
amplitude modulated®C rf. fields (Metz et al., 1994; Hediger 750 MHz with a MAS frequency of 8 kHz at different temperatures:
et al., 1995) during the'H,13C) CP transfer step. During  _10°C (A), —30°C (B), —50 °C (C). R.f. fields during CP and

acquisition, TPPM (Bennett et al., 1995) proton decoupling at acquisition were optimized for each temperature.
70 kHz r.f. field strength was applied.

2 2 2 2 _ ; _

employed at low to medium r.f. field strength and high (\/Ql T oy = \/QS T 0y = nog, with n= 1,
MAS frequencies are desirable. 2). Further optimizations that e.g. prevent simultane-

For heteronuclear transfer in polypeptides, Baldus OUS Single-quantum recoupling of chemical shielding
et al. (1998b) discuss in detail how the conventional interactions or establish double-quantum transfer are
CP (Pines et al., 1973) approach can be modified to discussed by Baldug et al. (199$b). Band-selective
direct polarization transfer in a chemical shift selective SPECIFIC CP techniques that fulfill all of the above
manner. The usefulness of this approach in the contextStated conditions and allow for the observation of NC
of uniformly labeled globular (Pauli et al., 2001) and correlatlon_s can be real_lzed by_the introduction of a
partially labeled membrane-proteins (Petkova et al., to SIOW amplitude .modullatuig, for instance, on t
be published) has already been demonstrated. Briefly,f- channel during a {N,*C) 2D experiment (Fig-
zero-quantum (ZQ) polarization transfer for polar- Ure _4). Note that the discussed concept achieves polar-
ization transfer within a heteronuclear 1,S spin pair ization transfer and band-selectivity without phase or
(described by the chemical shift offse@y and 2s) frequency modulation. It is thus amenable to method-
occurs if applied r.f. fields &1, wis) and MAS ological extensions such as homonuclear decoupling
frequency wg fulfill a simple algebraic condition schemes, often essential in macroscopically oriented
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systems (Sanders et al., 1994; Marassi and Opella,correlation is observed (147 ppm, 62.5 ppm) with a

1998). significantly larger line width in thé°N dimension.
Following the experimental protocol outlined in  As discussed in more detailed below, both observa-
Figure 4, 2D-{°N,13C) correlations on [UC1°N] tions would be consistent with the detection of a third
LH2 are shown in Figure 5. After a broadband HN Pro residue in C-terminal portions of the LH2 mem-
transfer step, band-selective NC transfefIN,3C) brane protein (Figure 1). The chemical shift statistics

= 2 ms) was optimized to observe prominent NCO obtained in the liquid state (Wishart et al., 1991) for
(Figure 5A) and NCA (Figure 5B) correlations. For particular amino acid residues suggest additional spec-
Figure 5, a MAS frequency of 8 kHz and a temper- tral regions which are consistent with the experimental
ature of —10 °C were chosen. TPPM decoupling at results. Such annotations are included for Val, lle, Ser
85 kHz was applied injtand . SPECIFIC CP (Bal- and Thr G correlations in Figure 5B. They do not
dus et al., 1998b) transfer was established using r.f. represent spectral assignments but will be useful for
fields between 10-25 kHz and optimized for an r.f. the analysis presented in the following.

carrier frequency positioned slightly outside the CO

(Figure 5A) and the ¢ (Figure 5B) resonance regime. 2D (NCC) correlation experiments

In a total experiment time of about 4 h, 128 ex- Additional information can be obtained if the NC
periments were performed. Additional experimental correlations presented so far are combined with a
details can be found in the figure caption. homonuclear polarization transfer element. In the cur-

Inthe NCO correlation (Figure 5A) 10-15resolved rent context, we have relied on the mechanism of
peaks around a relatively broad, but structured cor- homonuclear spectral spin diffusion (‘SD’, Bloember-
relation area at 120 ppmtN chemical shift) can be  gen, 1949), where polarization transfer among rare
identified. As expected, the relatively small chemical spin carbons is mediated by a strongly coupled pro-
shift range of carbonyl resonances leads to significant ton bath. During the NMR experiment, SD mediated
overlap — even in the 2D experiment. In Figure 5B, transfer is achieved by insertion of a longitudinal mix-
results of an NCA correlation under identical ex- ing time t(13C13C) after the SPECIFIC CP transfer
perimental conditions are shown. In line with NMR step and prior to detection in t(Figure 4). Un-
studies of proteins in solution (Wishart et al., 1991) like coherent recoupling techniques (see e.g. Baldus
and recent SSNMR results on globular proteins (Mc- et al., 1998a; Rienstra et al., 1998; Howhy et al.,
Dermott et al., 2000; Pauli et al., 2001), the increased 1999), strong proton decoupling during mixing can be
dispersionin @ resonances leads to a significant num- omitted.
ber of resolved resonance lines detectable inthe NCA  In Figure 6, we present results of a 2D NCC
correlation area. Individual peaks witfN and13C  correlation experiment in which band-selective NCA
linewidths of 1.2 ppm and 1 ppm, respectively, are ob- transfer is followed by a homonuclear SD mixing unit.
served. While resolution down to the baseline is only In the initial rate regime of a homonuclear spin pair,
possible for a limited number of these correlations, a proton-driven spin diffusion rates under MAS are de-
total number of about 30-40 peak maxima can be iden- pendent on the size of the MAS frequeney and
tified. This number is consistent with an observation the isotropic chemical shift differenca. In partic-
of the membrane-spanning part of th@ndp protein ular, if the resonance condition = nwg (Where
subunits (Figure 1) arranged in high symmetry inthe n = 1, 2, ..) is fulfiled, an enhanced transfer rate
LH2 complex. is expected (Kubo and McDowell, 1988). For 8 kHz

Of particular interest are distinct collections of MAS at 750 MHz, an SD mixing time(3C 13C) of
peaks in the NCA spectrum (NG, ;) at 42-46 ppm 8 ms is sufficient to observe one-bond correlations.
and 47-49 ppm3C chemical shift. Based on their Polarization transfer across two bonds is influenced
characteristid*C chemical shifts, these correlations by the resonance condition discussed above. In gen-
can be type-assigned to Gly and Ala residues, re- eral, the combination of a broadband HN and band-
spectively. In addition, Cresonances of Pro residues selective NC transfer also permits correlations within
can be tentatively assigned at 63.2 and 63.6 ppm in nitrogen-containing side chains. This is exemplified in
Figure 5B. As expected for a band-selective experi- Figure 6A, where correlations at 90 pgN chemical
ment, for both Pro residues we obseryer€sonances  shift are observed. Inspection of the primary sequence
(Figure 5B) and correlations of type;®0;_; in Fig- (Figure 1) predicts only one Arg side-chain correla-
ure 5A. Note that an additional weaker N@/pe tion at residue 20 of th@ apoprotein. The observed
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Figure 4. Triple channel ¥H,15N,13C) pulse scheme to observeN,13C correlations in two dimensions. Following a broadbahid, t°N)

ramped CP transfer of 2 m&N chemical shift evolution under TPPM decoupling at 85 kHz r.f. field strength occurred dyri@glisequently,

a SPECIFIC CP (Baldus et al., 1998b) transfer step was used to establish NC transfé?Gockeemical shift range of 20-30 ppm around

the carrier frequency. Band-selectivity was achieved using linear (1:00%6, X = 70 or 80) amplitude modulations on theN channel.

It should be noted that other amplitude modulations (Hediger et al., 1995) are also possible. During dipolar contact, HraiXiamohd3C

r.f. fields of 25 and 15 kHz, respectively, were employed. All 2D experiments were performe&C using a MAS frequency of 8 kHz

and a heteronuclear transfer tina>N,13C) of 2 ms. During (NC) transfer, the decoupling efficiency was optimized by off-resonance CW
irradiation (Baldus et al., 1996) and switched back to on-resonance conditions for the remainder of the sequence. Homonuclear polarization
transfer for the 2D (NCC) correlations shown in Figures 6 and 7 was achieved by insertion of a proton-driven spin diffusion transfer unit prior
to acquisition in . Bracketed by two 90pulses (using r.f. fields of 50 kHz), residual proton-proton and proton-carbon dipolar couplings are
active for the mixing tima(13C, 3C). Phase sensitive detection was achieved using the TPPI method (see e.g. Ernst et al., 1987).

15N chemical shift of 90 ppm agrees well with aver- tion of the signal intensity of an individual NC or CC
age chemical shifts observed in soluble proteins and is correlation in the presented spectra.
consistent with model studies involving Arg contain- Using the intensity information for the Arg residue,
ing peptides (Baldus et al., unpublished results). We at least 4 Gly correlations are observable. Thr residues
thus assign the two correlations tedR (56.2 ppm) are often characterized bygQGhemical shifts well
and Ry, (31.6 ppm). Moreover, we could also identify above 60 ppm and \Ccorrelations around 20 ppm
the correlations to R and Rq (at 157.3 ppm and  (Wishart al., 1991). As indicated in Figure 6B, we
32 ppm respectively, data not shown), and a weaker observe at least three sets of Thy_C correlations
correlation at 28.5 ppm indicative for the observation for °N chemical shift values of 107-111 ppm. Al-
of Rogg. beit significant variations in signal intensities, this
Hence, heteronuclear polarization transfer from number matches the number of membrane-spanning
the guanidyl group allows for the identification of the Thr residues. Discrimination between Ser and Thr
R20 residue and can be validated by investigating sig- peaks can be attempted using their different side-chain
nal intensities originating from the amide backbone. topologies. As a result, 2—-3 Ser correlations can be
In Figure 6, this has been carried out by drawing ver- identified and are indicated in Figure 6B. In line with

tical lines from the @ and G, correlations observed in
Figure 6A into the GCgC, region of the experiment
(Figure 6B). For botA3C shifts we expect a horizontal
correlation representing thg,(Cg, and G, resonances
of R20 tentatively assigned in Figure 6B. Moreover,
the observed correlation allows for an internal calibra-

recent observations in immobilized globular proteins
(McDermott et al., 2000; Pauli et al., 2001) the ob-
served3C chemical shifts compare favorably with
observations in the liquid state. On the other hand, the
observed®N chemical shift values deviate by about
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Figure 5. Heteronuclear (N,C) correlation spectra obtained or30;1°N] LH2. In A and B, thel3C carrier frequency was placed slightly
outside the CO and Lregion of thel3c spectrum, respectively. Band-selective SPECIFIC CP transfer around=tHeaondition discussed

in the text was optimized using the experimental setup of Figure 4. In both caseg, i@8ts were accumulated. For backbone resonances,
correlations of type (NCO;_1, Figure 5A) and NC,; (Figure 5B) are expected. Results from liquid-state NMR data (Wishart et al., 1991)
are used to identify the LCresonance areas of the amino acids S, T, G, V, |, and P. In total, three (I-1ll) correlations involving P residues are
detected. For the two stronger sets of signals additiogar@d CO resonances of the P residue and its preceding amino acids, respectively, can

be identified and are attributed to the membrane-spanning segments in apoprétithe S, T, G, V and | residues, dashed boxes are used to
annotate possible correlation areas. They do not represent spectral assignments.

5 ppm from the average shifts observed in globular agree with the NCA results of Figure 5B. Finally, areas
proteins (Wishart et al., 1991). consistent with average chemical shift values for,Val
Additional correlations around and below 20 ppm lleg, lle, and Val,; correlations are given in Figure 6.
may result from Ala and lle residues. In total we ex- Again, they do not represent spectral assignments.
pect 14 correlations for both types of amino acids in Interresidue connectivities can be established by
the membrane-spanning segment. Using information combining the information obtained so far with re-
on the characteristic side-chain chemical shift, at least sults of an N-(COG,Cg); —1 experiment (Figure 7). In
one set of A g and |, correlations at 115 and 119  the present context, we will attempt to establish pre-
(!®N) ppm, respectively, can be identified. Possible liminary interresidue contacts for residues containing
additional correlation areas as indicated in Figure 6B characteristic chemical shifts to illustrate the princi-
can be defined. Comparison between Figures 6A andple of sequence-specific assignment under MAS for
6B indicates that correlations around 15-20 ppm are in a membrane-protein complex. The limited chemical
general stronger than for thedg peak discussed ear-  shift range in the CO part of the spectrum does, for
lier. This might partially be attributed to the resonance most cases, not permit to resolve individual correla-
phenomenon mentioned earlier that favogs-C, po- tions. However, the NCO transfer serves as a relay
larization transfer across 40 ppm. Moreover, charac- step to observe characteristic side-chain topologies of
teristic 1°N chemical shifts of Pro residues help to the preceding residue in the polypeptide chain. Since
identify two sets of Pro resonances, as expected from analogous experimental conditions were employed as
the membrane-spanning portion of the protein. Two- in Figure 6, correlation patterns of the form CQ-Cg
bond G and G, correlations are clearly visible and are to be expected. The combination of a broad-
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Figure 6. Combined NC-CC 2D transfer experiment on € 15N] LH2 that reveals side chain—side chain (A) and backbone—side chain (B)

N-C-C correlation patterns. As a preparatory step, SPECIFIC CP transfer was used to isolate carbon resonances around 50 ppm. A subsequent
spin diffusion timet(CC) of 8 ms allows for transfer along two additional peptide bonds of typ€Cy. In (A) side-chain resonances of

residue R are identified. In B, various correlation sets in the backbone region of the experiment are indicated by horizontal lines and are
discussed in the text. Further information regarding the annotations is given in the text. In analogy to Figure 5, dashed boxes indicate possible
correlation areas for various amino acids.

band HN and band-selective NC transfer here also correlations observed around 20 ppm should predom-
permits correlations of the formy&C,-Cg and G,-Cg- inately arise from A (Ala) residues. Distinct sets of
Cy for Q (GIn) and N (Asn) residues, respectively. chemical shifts should thus be detectable for the two
However, both amino acids do not occur within the AT pairs of the protein, namely the3&T37 pair at the
membrane-spanning section of the protein. end of the membrane-spanning part antTAat the

In Figure 7, where the aliphatic region of the N-terminus of theg-protein segment. One correlation
N-CO-G,-Cy-type experiment is shown, one of the is readily identified in Figure 7. In line with the results
four interresidue correlations involving G residues of presented so far it seems probable that stronger signals
the B protein subunit can be immediately identified result from polarization transfer among membrane-
(G'8T19), Likewise, tentative assignments for the pairs spanning residues and we consequently assign this
G19116, G21522 of the a-apoprotein and &'1.25 of correlation to the pair 26T3. Following the same ar-
the B-apoprotein in the membrane-spanning part are gumentation we can now also resolve the ambiguity
included. Following the discussion presented earlier, of the two P resonances observed in Figures 5 and
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Figure 7. Combined NC-CC 2D transfer experiment on $8€,15N] LH2. The experimental setup differs from Figure 6 by SPECIFIC CP
transfer tailored to CO resonances around 178 ppm (under identical parameters as in Figure 5A). A subsequent spin diffuf@®) tohe

8 ms allows for transfer along two additional peptide bonds of the type £CsCThe G,Cg segment of the experiment containing the largest
dispersion is shown. Four correlations involving G residues are assigned. Likewise, A- or T-containing residuejgBié indicated in the
form S(Gyi J/A; 1, T(Cgi)/Vi41 and A(Gy p;)/T;41- Finally a correlation area for three pairs of the forpl;A 1 is given.

6 and we assign the set of stronger signals to P17, the CO portion of Figure 7 (data not shown). For both
deeply embedded in the membrane. Figure 7 also con-residues, however, proton driven polarization transfer
tains a tentative assignment of thg3AT3" peak thatis  to the CACB region of the spectrum is weak. Similar
consistent with the results of Figure 6. Characteristic observations were recently made (Pauli et al., 2001) in
chemical shifts also allow for the assignment of the animmobilized globular protein, indicative of an addi-
pair $°A36 and for the identification of a grcorre- tional influence of the proton density at a given residue
lation at 66 ppm that could be consistently extended during SD polarization transfer. Additional experi-

to the T24Vv2° pair of thea-apoprotein. Figure 7 indi-

cates the occurrence of at least four more AX pairs,

in close agreement with 3 Al, 2 AL and one AF pair
in the membrane. Using the information in Figure 6,
three Al pairs are tentatively identified. Obviously,

ments, e.g. involving coherent homonuclear transfer
elements (see e.g. Baldus et al., 1998a; Rienstra et al.,
1998; Howhy et al., 1999), might clarify this issue
and provide complementary intra- and inter-residue
information.

additional information is needed to completely assign
these segments.

The protein residues discussed in this work are Conclusions
summarized in Figure 1 by underlined letters. Except
for the three Al pairs and one S residue for which The data presented so far show that even at low tem-
we can currently only give a classification by type peratures and with MAS significant resolution in 2D
(see Figure 7), all indicated residues have been spec-correlation spectra of a uniformly labeled membrane-
trally assigned (indicated by a line above the letter) protein can be obtained. A preliminary analysis of
and are summarized in Table 1 of the Appendix. As distinct amino acid residues indicates that significant

expected, we also observe two proline resonances inportions of the membrane-spanning section can be de-
tected. On the other hand, backbone and side-chain
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correlations involving N and C terminal loop segments Experiments along these lines are currently on-
of the protein appear to be significantly attenuated. going in our laboratory and will be reported else-
Similar effects have recently been observed in immo- where. The data obtained so far hold promise that
bilized globular proteins (Pauli et al., in press). In SSNMR-related studies of ligand-binding interactions
the chosen temperature regime, flexible portions of in membrane-proteins involving small to medium size
the protein could be frozen in a variety of different polypeptides should be feasible. The results obtained
conformations giving rise to a relatively broad back- so far also indicate that MAS-based correlation exper-
ground signal (VanderHart et al., 1981; Fischer et al., iments might complement structural studies in mul-
1992). Alternatively, enhanced flexibility, even at the tiply labeled membrane-proteins where macroscopic
temperatures employed, could lead to smaller dipo- orientation techniques suffer from decreased spectral
lar couplings that attenuate the polarization transfer resolution (Marassi et al., 2000). Both approaches
efficiency for flexible protein sections. contribute to the converging evidence that solid-state

The observation of an additional Pro residue out- NMR can reveal structural information in biophysical
side the membrane-spanning part of thapoprotein systems that are not accessible by other spectroscopic
could indicate that also residues of defined secondary methods at present.
structure outside the membrane (such &5 & the
surface-bound helical segment; McDermott et al.,
1995) can in principle be detected. The observation of Acknowledgements
the alpha-helical membrane-spanning parts of the pro-
tein would also be consistent with the limited chemical This project was financed in part by demonstration
shift ranges in the recorded NC correlations. Although Project BI04-CT97-2101 of the commission of the Eu-
the latter argument is usually employed in the context ropean communities. H.J.M.dG. is a recipient of a
of ||qu|d state NMR app]ications, pre]iminary results PIONIER award of the Chemical Sciences section of
in immobilized globular proteins (Pauli et al., 2001) the Nederlandse Organisatie voor Wetenschappelijk
and oriented systems (Marassi and Opella, 1998) in- Onderzoek (CW-NWO). Support from D. de Wit and
dicate the validity also in the solid state. Additional C. Erkelens during various stages of the project is
experiments, e.g. involving variable dipolar contact gratefully acknowledged. We thank S. Luca for care-
times or methods that are sensitive to secondary struc-fully reading the manuscript.
ture elements, will clarify these issues.

Moreover, experiments e.g. involving coherent .
(13C 13C) transfer steps, three-dimensional correlation APPendix
spectroscopy or the incorporation of heteronuclear NC
(spin-spin) decoupling schemes should enable a more
detailed analysis. Our current study resulted in the Residue NH 6] Cp Cy Cs
detection of about 40% of the trans-membrane seg- (ppm)  (ppm)  (ppm)  (ppm)  (ppm)
ments of the protein. Although the observed line width

Summary of protein resonances assigned in this work

is likely mostly dominated by heterogeneous broad- 2112 ig’;'g i:.-cl) 2.9 260 460
ening gffects, _ad_dltlonal line narrowing might result 1188 591 316 305  14.9)
frgm h_|gher spinning speeds or.stronger proton d_ecou— P17 1370 638 275 256 465
pling fields. Additional information could be obtained 554 1068 438

from Multi-Quantum experiments or spectral editing g, 1155 582  56.8

and filtering experiments that simplify the spectral 124 1084 580 668 182
analysis significantly. A subsequent structure elucida- 25 121.8 64.8

tion might also profit from long-range proton-proton  Gis 107.5 449

transfer or torsional constraints. Similar routes are T19 1073 595 672 178
currently investigated in oriented liquid-state NMR  R20 1245 564 285 316 56.2
systems (Tjandra and Bax, 1997; Prestegard, 1998). G24 1105 451

Finally, varying experimental conditions such as tem-  L25 121.2

perature, the degree of sample labeling or the choice S35 1145 60.2

lipid/detergent environment can be explored to im- A36 118.8 482 195

prove the resolution. 37 1099 576 671 195
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